Abstract-In this work, a non linear model to predict actuation characteristics in lateral electrostatically-actuated DCcontact MEMS switches is proposed. In this case a parallel-plate approximation can not be applied. The model is based on the equilibrium equation for an elastic beam. It is demonstrated that the contribution of fringing fields is essential. The model relies on finite-difference discretization of the structures, applying boundary conditions and is solved with a Gauss-Seidel relaxation iteration scheme. Its usefulness is demonstrated in a series MEMS switch with lateral interdigital electrostatic actuation.
I. INTRODUCTION rfTHE miniaturization of wireless communication systems is l actually limited by off-chip passive elements. Among them, RF switches are candidates to be replaced with their MEMS counterparts. Capacitive series and shunt MEMS switches (based on a metal-dielectric-metal contact) have been implemented in a number of applications, mainly at frequencies above [10] [11] [12] [13] [14] [15] GHz [1] . Resistive-contact (or DCcontact) switches, based on a metal-metal contact, operate from DC to 30-40 GHz, covering perfectly the ground wireless communication bands, all of them under 6 GHz. Most resistive-contact switches, mainly when electrostaticallyactuated, have been implemented using out-of-plane movement, which is perpendicular to the substrate [2] .
The need for high aspect ratio structures (thick elements with small gaps), capable of producing forces great enough to ensure a good switch contact with moderate actuation voltage has been the main drawback when implementing in-plane switches (lateral movement, parallel to substrate). In consequence, most of the few lateral RF switches proposed in the literature so far, are electrothermally-actuated [3] , a topology with inherent power consumption and packaging limitations. With the recent spectacular evolution of metal micromachining technology, manufacturing high aspect ratio structures is possible, which leave the way open for lateral electrostatically-actuated RF switches, as demonstrated in [4, 5] .
However, an important problem arises with those devices, namely, a lack of available models for actuation fast prediction, since a parallel-plate approximation does not apply in this case, on the contrary to out-of-plane switches, where parallel-plate approximation has been used in most works as a first order model. Finite Element Analysis of these structures is adequate but time-consuming and, moreover, it requires accurate input data for a precise actuation simulation. In consequence, it is essential to develop simpler models for a first, yet accurate, actuator design.
This work presents a new model to reliably predict actuation characteristics in lateral electrostatically-actuated DC-contact MEMS series switches for operation in the ground wireless bands. The model is validated by using a series switch [5] manufactured with the multi project wafer process MetalMumpsTM [6] . It is fabricated on a low-resistivity substrate (1-2 Q-cm), and a 25 gm deep trench is carved under the device to reduce substrate loss, resulting in a suspended switch. II Fig.2 .a. The process [6] , adapted to switch manufacturing, includes an isolation oxide layer on top of the low-resistivity silicon substrate. The area where the trench under the device will be patterned at the end ofthe process is defined by using a sacrificial oxide layer (oxidel). Two sequential silicon nitride layers (nitride] +nitride2) are used to produce an extra isolation from the substrate of those device areas which are not suspended (anchors of suspended lines), and to sustain the stopper. The stopper, an electrically isolated nickel element (see Fig. 1 ), avoids collapse of the interdigital actuator. Nitride] and nitride2 can be used either to increase isolation to substrate in those regions where there is no trench or as dielectric structural layers. The suspended structure anchors are defined in a second sacrificial oxide layer (oxide2). The access pads are also used as anchors of the whole structure.
After electroplating the structural nickel layer (see Fig.2 ), a sidewall gold layer is electroplated on those places where mechanical contacts will take place and on the interdigital capacitor, in order to minimize gap gb and thus the actuation voltage. After releasing the structures by etching the two oxide layers (oxidel and oxide2) using a 4900 HF solution, the 25 tm trench underneath is opened using KOH. This trench is an essential feature in order to reduce low-resistivity substrate loss, since it is expected that the CPW field distribution is confined in (and near) the CPW gaps and its penetration into the substrate is small. A switch cross section can be observed in Fig.2 .b.
where (see Fig. 1 ) y(x) is the beam lateral displacement, x is the distance along the beam length, E is the elastic modulus of nickel (beam material), I=tw /12 is the moment of inertia of a straight beam with a rectangular cross section, w is the beam width, t is the beam height (thickness), and FeIec is the electrostatic force per unit length. This force is the sum of distributed electrostatic forces along the beam electrode (Ll<x<L3) and the force of N laterals beams (Fb) with length Lb and electrode gap gb applied at point x=L2.
-a - When no actuation voltage is applied, the switch is in its OFF state, while when a DC voltage is applied superposed to the RF signal, the interdigital actuator forces the moving tip to approach the fixed part. The initial gaps for contact and interdigital actuator are g, = 5.2 gm and gb = 5.7 gim, respectively. The minimum dimensions are fixed by the technology design rules, that being the main limit, along with the thickness of the suspended structure (only 20 gim), to decrease the actuation voltage. For this reason, an interdigital actuator topology along with a leverage bending technique are used in order to obtain a suitable switch actuation voltage. As a consequence, most of the structure is deflected less than the pull-in limit, when on contact.
The use of gold on the mechanical contacts is an essential feature, as it is a soft material with a high melting point, corrosion resistant and with excellent electrical and thermal conductivities [7] .
III. ACTUATION MODEL
The parallel-plate approximation for this kind of switches (either interdigital or not) only applies for the initial position, being no longer useful when the mobile structure is actuated. Then a non linear model for the structure has been developed, for fast and accurate prediction of the displacement, which is based on the equilibrium equation for an elastic beam [8] : Nelec
where g is the electrode gap of the central beam, b(x)=(gy(x))/t is the gap/central beam height aspect ratio, bb(x)=(gby(x))/t is the gap/lateral beam height aspect ratio, u(x) is the stepwise function, R'x) is the delta function, -0 is the permittivity of free space and V is the applied voltage. The model can be used in switches with only one lateral beam (N=1) when thick structures are available or in an interdigital topology when the material thickness is limited (as in this work; N=4). The capacitance is corrected for fringing fields (C'=Cf, , being C the parallel plate capacitance and C' the fringing-field corrected capacitance) using the function f(b) defined in [9] , and: Using a finite differences discretisation scheme, we can obtain the following non linear equation system: where i is the mesh index, and Ax is the spacing between mesh points.
One approach to solve the non linear system is to use a simple non linear Gauss-Seidel relaxation iteration scheme [10] . estimation of vector displacement is calculated. Then, the force in iteration k is updated from the last iteration using the following relaxation formula:
being co the relaxation factor (typically between 0.85-0.9). The procedure is repeated up to the desired residual error in the displacement is obtained. A more robust approach than non linear relaxation is to use a full-Newton method [10] :
At low voltages, the beam deflection is small, the coup] between the electrical and mechanical systems is weak, the relaxation algorithm works very well. For higher voltat he Newton algorithms converge much faster than relaxation algorithm. effect of fringing capacitance. In fact, the increase of electrostatic force due fringing fields decreases the pull-in voltage. The model predicts a contact voltage of 42 V for N=4 lateral beams including fringing effects and 52V using parallel-plate capacitance (for the switch of Fig. 1 ). This value is in agreement with the experimental contact voltage, 45V; that is within a 5°0 error. This difference may in part be justified by the overestimation of the electrostatic force caused by screening due to the substrate and ground plane, reducing the contact voltage about 2 V in the simulations. Fig.4 shows the displacement as a function of the beam height. This displacement is independent of the beam height when fringing effects are neglected. However, when beam height decreases, the fringing capacitance increases resulting in an increase of the force and displacement for a given applied voltage. This result demonstrates again that to take into consideration fringing fields is essential in these structures. Finally, Fig.5 shows the simulated force at the contact with and without the inclusion of fringing effects. This figure shows that fringing effects increase the capacitance and the force. This fact improves the contact reducing its resistance and the switch losses. IV. VALIDATION AND MEASUREMENTS The manufactured switch is measured using a vector network analyzer (HP8510C) and on-wafer GSG (GroundSignal-Ground) probes (150 tm pitch) with a LRRM calibration.
Reduction of the pad parasitic capacity is essential in order to improve the device performance in frequency. Two pad topologies are proposed: a conventional structure, shown in Fig.6 .a, and a new pad, with a partial trench underneath to reduce parasitic capacity, whose vertical cross section is shown in Fig.6 .b. Insyrtion Lpss
------1 1~-0 . 8 The measured performance of the manufactured device is shown in Fig.7 , along with its photograph [5] . Insertion loss is -0.13/-0.41 dB at 0.9/6 GHz, return loss is -37.7/-28.7 dB at 0.9/6 GHz and isolation is -60.2/-31 dB at 0.9/6 GHz. These results are comparable to the ones obtained in [4] on a highresistivity silicon substrate. A model for prediction of the actuator displacement in electrostatically-actuated, lateral contact RF MEMS series switches has been presented, a switch topology with increasing acceptance due to the evolution of thick metal layers technology. It has been demonstrated that in this topology the parallel-plate approximation for actuator displacement can not be assumed. In addition, it has also been demonstrated the importance of considering fringing fields in the model for a reliable prediction. The simulated results match very well with the measured actuation characteristics of a series switch with electrostatic interdigital actuation manufactured with MetalMumpsTm.
